Abstract. We present cosmic microwave background (CMB) power spectra from recent numerical simulations of cosmic strings in the Abelian Higgs model and compare them to CMB power spectra measured by Planck. We obtain revised constraints on the cosmic string tension parameter Gµ. For example, in the ΛCDM model with the addition of strings and no primordial tensor perturbations, we find Gµ < 2.0×10 −7 at 95% confidence, about 20% lower than the value obtained from previous simulations, which had 1/64 of the spatial volume. The increased computational volume also makes it possible to simulate fully the physical equations of motion, in which the string cores shrink in comoving coordinates. We find however that this, and the larger dynamic range, changes the amplitude of the power spectra by only about 10%. The main cause of the stronger constraints on Gµ is instead an improved treatment of the string evolution across the radiation-matter transition.
Introduction
The Cosmic Microwave Background (CMB) has demonstrated many times its power as a clean and reliable probe for early and late-time cosmological physics. The latest results from the Planck collaboration [1] have reached percent-level precision on nearly all standard parameters, in some cases doing even better. The CMB is also an important probe for cosmic defects [2] as it is mainly sensitive to the large-scale properties of the defect distribution which is relatively well understood [3] [4] [5] [6] [7] [8] [9] . The Planck data currently limits the contribution of strings and other defects to the temperature anisotropies on large scales to be of the order of a few percent or less [1, [10] [11] [12] [13] .
However, the limits can be only as accurate and precise as the theoretical forecasts that are compared to the data. In this paper we use the recently updated unequal-time correlation functions (UETC) from [14] to compute new CMB power spectra for cosmic strings in the Abelian Higgs model, the prototypical field theory with such topological defects. 1 The new UETCs are based on simulations that are four times larger (64 times larger in volume) than those used previously [8] , i.e. they have a four times larger dynamical range in both space and time. As usual, the Abelian Higgs (AH) strings were simulated with couplings at the TypeI/TypeII boundary.
Thanks to the much larger simulation volume, we were able to simulate directly scales that previously we could only infer. It was also possible to keep the string cores at a constant physical width, instead of letting them grow with the expansion of the universe as was done previously. In fact, in previous works with smaller simulation volumes, the string width was allowed to grow artificially in order to keep the core of the string resolved in a grid in comoving coordinates [8, 17] . The growth of the string was controlled by a parameter called s, which ranges from 0 to 1: s = 0 corresponds to a string whose width stays constant in comoving coordinates, and s = 1 corresponds to strings without artificial core-growth, i.e. with a constant physical width throughout the simulation. In the new simulations presented in [14] , we were able to simulate strings with s = 1. In addition, the modelling of the evolution of the string network across the cosmological radiation-matter and matter-Λ transitions has been treated much more carefully than in previous works.
The differences in observables between between s = 1 and s = 0 were not great, and in particular the equal time correlators of the new simulations were consistent with the old ones (see Fig. 6 of ref. [14] ). The consistency meant that we were able to merge the UETCs from s = 1 simulations with ones computed at s = 0, thereby increasing the accessible range of time differences. A more detailed comparison of s = 1 and s = 0, and tests of the scaling assumption, will be the subject of a future publication.
In the next section we describe briefly how we compute the power spectra of temperature and polarisation anisotropies in the CMB from the new UETCs obtained in [14] . In section 3 we compare how the different improvements in the simulations affect the C and what the main causes of the differences with the previous spectra are. In particular we demonstrate that the new simulations change the C by only about 10%, when they are computed with the same methods as in [8] . We then use the new C to place constraints on the abundance of cosmic strings in section 4 before concluding.
Method overview
The UETC method of calculating power spectra [3, 6] exploits the observation that the unequal time correlators of the energy-momentum tensor contain all the required information. UETCs are defined as follows:
where T αβ (k, τ ) is the energy-momentum tensor of the field theory, in this case the Abelian Higgs model. Due to rotational symmetry, we need only calculate correlations between four projected components of the energy-momentum tensor
where P µν a (k) project onto scalar, vector and tensor parts. In principle there are two of each, but the two vector and the two tensor components are related by parity. Hence, we may consider that the indices a, b take four values corresponding to the independent components of the energy momentum tensor: two scalar, one vector and one tensor. We will denote the scalar indices 1 and 2 (corresponding to the longitudinal gauge potentials φ and ψ), the vector component with 'v' and the tensor component with 't'.
Thus we can write
where φ 0 is the symmetry breaking scale, V a formal comoving volume factor, and the functions C ab (k, τ, τ ) defined by this equation are dimensionless. Note that the scalar, vector and tensor contributions are decoupled for linearized cosmological perturbations, and therefore cross correlators between them vanish, except in the scalar sector: hence the 5 independent correlators. The UETCs give the power spectra of cosmological perturbations when convolved with the appropriate Green's functions. This is accomplished by decomposing them into a set of functions derived from the eigenvectors of the UETCs, used as sources for an EinsteinBoltzmann integrator. The power spectrum of interest is reconstructed as the sum of power spectra from each of the source functions .
When the times τ and τ are both in same cosmological epoch, the correlation functions depend only on the dimensionless combinations x = kτ and x = kτ . This behaviour is called scaling. A scaling UETC will have eigenvectors which depend on k and τ only through the combination x. It is also convenient to write correlators as functions of z = √ xx and r = x /x.
Perfect scaling is not a feature of the true UETCs, as the universe undergoes a transition from radiation-dominated to matter-dominated expansion during times of interest, and more recently to accelerated expansion with an effective cosmological constant Λ. Hence the UETCs also depend explicitly on dimensionful quantities τ eq and τ Λ , the conformal times of equal radiation and matter density, and equal matter and dark energy density.
In principle one should calculate the UETCs starting at a time well before horizon entry for the shortest wavelength mode of interest, and simulate until today. In order to obtain a CMB power spectrum suitable for comparison to the Planck data, one would have to achieve scaling over a conformal time ratio of a few thousand, well beyond current capabilities. Instead, we simulate over shorter time intervals, and patch together the results, either at the level of the eigenvectors [3, 8, 18] , or at the level of the UETCs [14] , or a combination of both [19] .
To insert the UETCs as a source of perturbations into an Einstein-Boltzmann (EB) solver we need to take a "square root" of the UETCs as the EB solvers evolve the perturbation variables, not their power spectra. To this end the UETCs, which are real and symmetric, can be decomposed into their eigenfunctions c n (k, τ ) defined through
The power spectra and cross-correlations of a perturbation in a cosmological variable X a can be written
where the contribution of each linear term,
Here, G X is the Green's function for the quantity X, which is implemented as a numerical integration by an Einstein-Boltzmann solver. The power spectrum can then be constructed as the superposition of the results of integrating the source function
As mentioned above, there are several different ways to build the source functions based on the simulation outputs. In [14] we developed a new method of combining the information from simulations in the different cosmological epochs (radiation, matter, Λ) to produce an accurate model of the true UETC at any required value of comoving wavenumber k. We found that it improved on the method of Ref. [19] , which in turn was a significant improvement on methods used in our previous work [8] . The methods are described in detail in [14] . Here we merely summarise them.
Simple eigenvector decomposition
In [8] we interpolated directly the source functions with a simple interpolation rule,
Note that the eigenfunctions at Λ domination are implicitly assumed to be zero. The eigenvector interpolation functions e(τ ) and e Λ (τ ) for radiation-matter and matter-Λ transitions respectively were taken to be [8, 20] , 
Multi-stage eigenvector decomposition
A set of N U UETCs at different times τ i are defined as interpolations between the radiation and matter era correlators, 2
where
The values of f i are given by a continuous function f i = f (τ i ), which is chosen so that the equal time correlators during the transition era are reproduced. The source functions are then defined from
where J i (τ ) are indicator functions which turn on the ith source function between times τ i and τ i+1 . In [14] it was found that a single function 13) gave the best fit to the ETCs interpolating between the radiation and matter eras.
Fixed-k UETC interpolation
In this method, we note that the global UETC for a given fixed k is a symmetric function of τ and τ . Thus, instead of interpolating the eigenvectors (as in Section 2.1) or UETCs in time (as in the previous case 2.2), we interpolate them in k. For each fixed value of k, the non-scaling UETC is assembled from the required relative contribution of the scaling UETCs in radiation and matter, determined by the ratios τ /τ eq and τ /τ eq . A reasonably accurate form for the interpolation is
14)
The source functions are derived directly from the eigenvalues and eigenfunctions of this global UETC at each value of k required. The transition from matter to Λ domination can be added analogously, for more details see [14] .
New power spectra and error assessment
Once the source functions have been defined, they can be inserted into a source enabled EB solver to compute the contributions to CMB power spectra due to the presence of topological defects, in our case AH cosmic strings. For this purpose we use a source enabled version of CMBeasy [21] . The code has been additionally modified to handle source functions of the form of Eq. (2.12), where the indicator functions point to the corresponding eigenvector slot depending on the time interval (multi-stage) or on the scale k being integrated (fixed-k interpolation method).
The cosmological parameters used for these calculations are the best-fit values obtained by the Planck collaboration [1] : h = 0.6726, Ω b h 2 = 0.02225, Ω Λ = 0.6844 and reionization optical depth τ re = 0.079. After diagonalisation, the total contribution of strings to temperature and polarization anisotropies is calculated summing the contribution of each individual source function. We observe that convergence of 1% is obtained for ∼ 200 eigenvectors and so as to avoid uncertainties we set the standard number of eigenvectors to 256.
This section contains the final power spectra and their corresponding error assessments obtained bootstrapping over realizations in the merging process. We classify the different spectra analyzed in the following sections as:
• Case 0: spectra from [8] , where transitions were modeled by simple eigenvector interpolation, as explained in section 2.1.
• Case 1: new UETCs but using the same simple eigenvector interpolation at the transitions as in case 0.
• Case 2: new UETCs using multi-stage eigenvector interpolation (section 2.2).
• Case 2.1: case 2 plus transition from Matter domination to Λ domination.
• Case 3: new UETCs using fixed-k UETC interpolation for both cosmological transitions (section 2.
3).
We separately analyze and compare these cases to isolate the changes due to the innovations proposed in [14] . In Sec. 3.1 we study the differences introduced by the new UETCs (case 1), with the previous CMB predictions from [8] (case 0). The new UETCs are based on larger simulations that include runs based on the real (s = 1) equations of motion. The rest of the subsections study the effects of the different type of interpolations between the different cosmological eras. Secs. 3.2 and 3.4 are devoted to the analysis of the effects produced by the new interpolating functions in the context of the multi-stage eigenvector interpolation method (case 2) and the fixed-k UETC interpolation method respectively (case 3). The effects produced by the matter-Λ transitions are also studied separately in Sec. 3.3.
3.1 Case 0 → 1: effects of the new UETCs Comparison of the spectra obtained in [8] (grey line) and in this work (black line). The latter are obtained using UETCs from the new simulations described in [14] but using the same simple eigenvector interpolation method as [8] . The difference gives an indication of the change coming from the improved simulation of AH strings using a larger simulation volume and the true equations of motion.
In this section we study the impact of the new simulations presented in [14] relative to the previous CMB predictions from [8] when using the same methodology to compute the CMB spectra. The new source functions have been calculated from the largest field theory simulations of AH cosmic strings to date, covering a spatial volume 64 times bigger than in [8] . We thus have a four times larger dynamical range both in space and in time, and scales that previously could only be inferred by extrapolation can now be directly simulated. The new simulations measure more accurately horizon scale correlations and the small scale power-law behavior. Moreover, it has been possible to reproduce the real equations of motion, i.e. s = 1, and reach the scaling regime both in matter and radiation domination eras. All these improvements are taken into account in the new merged UETC functions.
In order to capture the effect created by the new UETCs, the spectra presented in this section have been calculated using the same simple eigenvector interpolation method used in [8] , where the transition is driven by a density weighted interpolation function (see Eq. (2.8), (2.9) and (2.10)). Figure 1 shows the comparison of the temperature and B-modes for this case (the changes in the EE and TE channels are of similar magnitude). The spectra corresponding to the 2010 paper (case 0) are in grey, whereas the new ones (case 1) in black. As it can be seen the difference is not very significant. The new spectra are smoother and the small details around the peak of the temperature spectrum have disappeared. The amplitude increases by about 10%. With such small deviations, the UETCs of [8] are sufficient at the level of accuracy claimed in that paper, i.e. this result shows that the approximations and extrapolations in [8] were justified.
Case 1 → 2: Effects of the new radiation-matter transition function and multi-stage method
In this section we analyze the effects produced by the multi-stage cosmological transition treatment and the new interpolation function of Eq. (2.13). In order to focus only on the effects of the transition, all spectra are calculated using the new UETCs. The multi-stage interpolation method was proposed in [19] and it interpolates between eigenvectors of UETCs calculated at intermediate time intervals between radiation and matter, see Eq. (2.11). The most important difference is that, while in the simple eigenvector interpolation method only the eigenvector of the pure radiation and matter correlators are considered, the multi-stage method derives an orthonormal set of eigenvectors at each desired time slicing. In this interpolation scheme, we observe that N U = 11 time slices are enough to reach convergence.
In addition, the interpolating function that performs the transition from radiation domination to matter domination has been substituted by the ETC weighted interpolation function of Eq. (2.13). The matter-Λ transition will be similarly analyzed in the next section. We show the comparison for this case in Figure 2 . The spectra obtained by the simple eigenvector interpolation method is represented in black (case 1) and the multi-stage case in green (case 2). As it can be seen, in contrast to the previous case, the differences are substantial. The amplitude of the spectra, both in temperature and in B-mode channels, is considerably increased by the new transition treatment. The matter-radiation transition depicted by the ETCs and described by f (τ ) is much slower than previous transition functions. The slower transition reflects in more contribution to the total from radiation correlators, which are higher in amplitude than the matter ones. Table 1 shows the percentage changes of the height of the peak for the different UETC interpolation methods with respect to the simple eigenvector interpolation. It reflects that the increase affects all channels, but more considerably the polarization channels, which is a TT EE BB
Multistage +25% +37% +37%
Fixed-k +29% +37% +36% signal that the slower transition affects the vector and tensor perturbations more than the scalars.
Case 2 → 2.1: Effects of the matter-Λ transition function
The effect of including the matter-Λ transition with its corresponding ETC-based interpolation function [14] is represented in Figure 3 , where the spectra that includes this latter transition is plotted in red (case 2.1) against the case without Λ transition in green (case 2).
In accordance with our previous expectations the inclusion of the matter-Λ transition only affects scales that entered late into the horizon, i.e. very low multipoles, decreasing slightly their amplitude. 
Case 2 → 3: Effects of fixed-k UETC interpolation
Finally we calculate the spectra for the fixed-k UETC interpolation method (case 3). This method interpolates UETCs in k-space rather than in time (see Eq. (2.14) and similarly for the matter-Λ transition). Conceptually this method fits naturally into usual Einstein-Boltzmann integrators, preserves the orthonormality of the source functions all the time and, as it was shown in [14] , reproduces better the UETCs at the transitions. The effect of switching from the multi-stage interpolation method to the fixed-k interpolation is shown in Figure 4 , where the spectra of the multi-stage eigenvector set is plotted in red (case 2.1) and the result of the source function of the fixed-k interpolated UETCs in blue (case 3). The matter-Λ interpolation has also been included in both cases. By inspection we get that the minimum number of k intervals needed to reach convergence in spectra is N k = 55. Table 1 show that the change introduced by the new interpolation method is small, only the amplitude of the spectra around the peak is slightly affected. 
Final C 's
This section contains the final CMB anisotropy power spectra of this work. This new baseline set of C 's is based on the following ingredients:
1. UETCs from s = 1 and s = 0 simulations on 4096 3 sized grids and combined by the new UETC merging scheme.
2. Cosmological transitions (radiation-matter and matter-Λ) modeled by fixed-k UETC interpolation.
3. Interpolation functions for radiation-matter and matter-Λ transitions as described in Section 2.3.
The evolution of the temperature spectrum by the inclusion of new improvements is shown in Figure 5 . We maintain the same color scheme as in previous plots: the spectrum of [8] is the grey line, while the spectra obtained using new UETCs are shown in black (single eigenvector interpolation), red (multi-stage eigenvector interpolation) and blue (fixedk interpolation). The upward trend is clear and as we mentioned the main change is due to the new and slower radiation-matter interpolation function.
Our final power spectra with their corresponding error bars are included in Figure 6 . The black line represents the mean curve and the grey regions systematic errors obtained by bootstrapping 10 times over 7 radiation and 7 matter realizations in the UETC merging process.
Fits and constraints
We use the Planck 2015 TT, TE, EE + lowTEB likelihood [22] as also used by the Planck collaboration in [1] to put limits on the allowed fraction of cosmic strings and on other cosmological parameters. We always vary the standard six ΛCDM parameters of the basic inflationary model or "power-law" (PL) model, {ω b , ω c , θ MC , τ, ln 10 10 A s , n s } and the nuisance Figure 6 . Temperature and all polarization channels for the final CMB power spectra with all improvements implemented: new UETCs, fixed-k UETC interpolation and new radiation-matter and matter-Λ transition functions. Black lines correspond to the mean spectra while grey regions represent 1σ and 2σ confidence limits obtained by bootstrapping 10 times over 7 radiation and 7 matter realizations in the UETC merging process.
Dataset
Planck 2015 TT, TE, EE + low TEB parameters included in the likelihood, in addition to the tensor to scalar ratio r and/or the string amplitude 10 12 (Gµ) 2 . We use flat priors for all parameters that are wide enough to encompass the posteriors, with the conditions r ≥ 0 and Gµ ≥ 0. The primordial spectra are computed with the help of camb [23] , while we use cosmomc [24] for the Markov-Chain Monte Carlo (MCMC) sampler and to analyze the output. For the cosmic string spectra, we use the fixed-k interpolation and vary only the string amplitude, i.e. we keep the shape of the string C fixed, as strings contribute at most of the order of 1% to the total TT power on large angular scales. To quantify this, we introduce the parameter f 10 which is the ratio of the defect C (T T ) to the total C (T T ) at = 10.
The resulting 95% upper limits on the string tension, f 10 and r are given in table 2. The fit to the data is not improved either by adding primordial gravitational waves or cosmic strings, as can be seen from the constant value of L max , and we find no significant preference for non-zero r or Gµ. The results that we find for Gµ = 0 are consistent with those of the Planck analyses [1, 25] . There are no significant degeneracies with any of the parameters varied here which has been the case since [26] (but see also [27] for degeneracies with other parameters not varied here).
The constraints on f 10 that we find in the PL + Gµ model are 13% lower than those found by the Planck collaboration, while the limits shown here on (Gµ) 2 are 30% stronger. The former is due to the relatively small change in shape, while the stronger limit on Gµ comes from the increase in amplitude (see Table 1 ), which is mostly due to the improved radiation-matter transition modelling.
Discussion and conclusions
We have calculated the CMB power spectra from the energy-momentum correlations computed in recent large-scale numerical simulations of a network of cosmic strings in the Abelian Higgs model [14] , and compared them to Planck CMB power spectra. We obtain a revised constraint on the cosmic string tension parameter Gµ, and investigate the source of the difference.
The new numerical simulations represent a significant improvement over those [8] used in previous comparisons to Planck data [1] , with a factor 64 increase in volume and sufficient resources to properly solve the equations in an expanding universe, and to investigate the radiation-matter and matter-Λ transitions, both for the first time.
The larger simulations confirmed the shape and normalisation of the unequal time correlators (UETCs) computed in [8] , within our original uncertainty estimates. The biggest change comes from the improved method of treating the radiation-matter transition [14] , which demonstrates that the larger UETCs of the radiation era are preserved for longer than previously thought. The consequence is that strings produce 30% higher CMB power spectra for a given Gµ.
We trace the effect of the changes in Fig. 5 . It can be seen that the TT power spectrum from the new simulations computed by the 2010 methods are very close to the 2010 power spectra, and that the major change comes from improvements in the treatment of the transition in the computation. We investigate two new methods for CMB power spectrum computation from defects, one proposed in [19] , and the other our own [14] , which is conceptually simpler and easier to implement. They differ little: the main effect comes from the increase in amplitude of the UETCs at the time of decoupling, when the CMB perturbations are generated.
Given the agreement between the old and new simulations and the new treatment of the cosmological transitions, we expect that the main theoretical uncertainty in the resulting C is now due to the old Einstein-Boltzmann solver that we use to compute the power spectrum from the UETC. That code is based on an old version of CMBEasy [21] with a by-now outdated recombination history and other legacy precision issues. In the future we plan to move to CLASS [28] , a project that is currently under way.
Our final constraints are given in Table 2 , quoted as limits on the fraction of the power spectrum due to cosmic strings at multipole = 10 f 10 , and the square of the string tension parameter (Gµ) 2 . We see that whether or not we allow for primordial tensor fluctuations in the model, no more than about 1% of the CMB power spectrum can be due to cosmic strings. With our improved calculation of the power spectrum, the limit on Gµ (assuming no primordial tensor fluctuations) is approximately 2.0 × 10 −7 , 17% lower than the value 2.4 × 10 −7 obtained with the old method [1] . The new constraint corresponds to a symmetrybreaking scale of 2.2 × 10 15 GeV in the Abelian Higgs model at critical coupling.
